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Chloroﬂexus aurantiacus
Rhodobacter sphaeroidesMid-infrared spectral changes associated with the photoreduction of the bacteriopheophytin electron
acceptor HA in reaction centers (RCs) of the ﬁlamentous anoxygenic phototrophic bacterium Chloroﬂexus (Cﬂ.)
aurantiacus are examined by light-induced Fourier transform infrared (FTIR) spectroscopy. The light-induced
HA
−/HA FTIR (1800–1200 cm
−1) difference spectrum of Cﬂ. aurantiacus RCs is compared to that of the
previously well characterized purple bacterium Rhodobacter (Rba.) sphaeroides RCs. The most notable feature
is that the large negative IR band at 1674 cm−1 in Rba. sphaeroides R-26, attributable to the loss of the
absorption of the 131-keto carbonyl of HA upon the radical anion HA
− formation, exhibits only a very minor
upshift to 1675 cm−1 in Cﬂ. aurantiacus. In contrast, the absorption band of the 131-keto C=O of HA− is
strongly upshifted in the spectrum of Cﬂ. aurantiacus compared to that of Rba. sphaeroides (from 1588 to
1623 cm−1). The data are discussed in terms of: (i) replacing the glutamic acid at L104 in Rba. sphaeroides R-26
RCs by aweaker hydrogen bond donor, a glutamine, at the equivalent position L143 in Cﬂ. aurantiacusRCs; (ii) a
strengthening of the hydrogen-bonding interaction of the 131-keto C=O of HA with Glu L104 and Gln L143
upon HA− formation and (iii) a possible inﬂuence of the protein dielectric environment on the 131-keto C=O
stretching frequency of neutral HA. A conformational heterogeneity of the 13
3-ester C=O group of HA is
detected for Cﬂ. aurantiacus RCs similar to what has been previously described for purple bacterial RCs.nce changes; BChl, bacterio-
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Chloroﬂexus (Cﬂ.) aurantiacus belongs to the group of green
ﬁlamentous anoxygenic phototrophic bacteria, which is placed on
the earliest branch in the evolution of photosynthetic organisms [1].
This bacterium has the antenna pigment system (chlorosomes)
similar to that of green sulfur bacteria, while its photochemical
reaction centers (RCs) resemble those of purple bacteria.
The X-ray crystal structures of RCs from purple bacteria Blasto-
chloris (Blc.) (formerly Rhodopseudomonas) viridis and Rhodobacter
(Rba.) sphaeroides have been solved to atomic resolution [2–6]. The RC
of Rba. sphaeroides contains three protein units, L, M and H, and a set
of cofactors that are non-covalently bound to the L and M subunits,
forming two symmetry-related branches (labeled A and B). Bothbranches share the primary electron donor P (a dimer of strongly
coupled bacteriochlorophyll a (BChl) molecules), and each branch
includes also a monomeric BChl a molecule (BA or BB), a bacter-
iopheophytin a (BPheo) molecule (HA or HB), and a ubiquinone
molecule (QA or QB). Upon excitation of P by low-energy photons only
the A-branch is involved in photoinduced charge separation. The
charge separation process is triggered by electron transfer from the
ﬁrst singlet-excited state P⁎ to HA with a time constant of ~3 ps at
room temperature, generating the transient radical-pair state P+HA−.
It is generally accepted that BA functions as an electron carrier
between P⁎ and HAwith the formation of the intermediary short-lived
charge-separated state P+BA−. HA− then passes an electron to a
quinone QA with a time constant of ~200 ps at room temperature
to form the state P+QA−. The quantum yield of the overall process is
close to unity (for a reviews, see Refs. [7,8]). If the electron transfer
from HA to QA is blocked by chemical pre-reduction or removal of QA,
the HA− state can be accumulated under continuous illumination of
RCs poised at low redox potential in the presence of redox mediators
that are able to rapidly reduce P+ in the photogenerated radical pair
P+HA− [9–13].
The RC of Cﬂ. aurantiacus is composed of only two protein subunits,
which display homology to the L and M polypeptides of the RC of Rba.
sphaeroides [14–16]. X-ray crystallographic data are not available for
the Cﬂ. aurantiacus RC [17,18], and the proposals formolecular structure
and interactions between the cofactors are primarily based on the
Fig. 1. Structure and the nearest amino acid environment of the bacteriopheophytin
electron acceptor HA in the reaction center of Rba. sphaeroides (PDB ID: 1PCR) [5]. Glu
L04 and Trp L100 are within hydrogen boning distances of the 131-keto C=O and 133-
ester C=O groups of HA, respectively. The putative neighboring residues for HA in the
Cﬂ. aurantiacus RC are also indicated in parentheses, as proposed on the basis of the
amino acid sequence [14–16], assuming a structural analogy with the Rba. sphaeroides
RC. Glu L104 and Tyr M210 are not conserved in the Cﬂ. aurantiacus RC being replaced
with Gln and Leu at the equivalent positions L143 and M200, respectively.
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protein subunits [14–16] together with biochemical and spectroscopic
data (reviewed in Ref. [19]) suggests that in this RC the cofactors are
arranged in two branches analogous to those in Rba. sphaeroides with
the remarkable exception that three BPheos a and three BChls a are
present in Cﬂ. aurantiacus RCs, as compared to two BPheos and four
BChls in purple bacterial RCs. The photochemically active A-branch in
Cﬂ. aurantiacus RCs shares the dimeric BChl a primary electron donor
with the inactive branch and includes a BPheo a and twomenaquinones
as an acceptor system. At room temperature, the decay of P⁎ in Cﬂ.
aurantiacus is characterized by a time constant of ~7 ps [20,21]; the
electron transfer from HA− to QA leads to formation of the P+QA− state
with a time constant of ~300 ps [21,22]. The quantum yield of initial
charge separation is close to unity in these RCs [23].
While demonstrating a similarity to purple bacterial reaction
centers in the overall cofactor arrangement and primary photochem-
istry, RCs of Cﬂ. aurantiacus show signiﬁcant differences in the protein
content. Some important amino acid residues that are present in
purple bacterial RCs are not conserved in Cﬂ. aurantiacus [14–16].
Extensive spectroscopic studies have been carried out to reveal
inﬂuences of these natural amino acid replacements on spectral and
functional properties of Cﬂ. aurantiacus RCs (reviewed in Ref. [19]). In
particular, the replacement of His L168 hydrogen bonded to the acetyl
carbonyl group of the L-side BChl of P in Rba. sphaeroides by a non-
hydrogen-bonding phenylalanine residue at the homologous position
in Cﬂ. aurantiacus has been proposed [24] to be a dominant factor
responsible for lowering of the oxidation potential of P in Cﬂ.
aurantiacus: for isolated RCs of Cﬂ. aurantiacus, the P/P+ redox
midpoint potential is +386 mV [13] and it is about +500 mV for Rba.
sphaeroides RCs [25]. The residue His M182 that serves as an axial
ligand to BB in the Rba. sphaeroides RC is replaced by a non-liganding
leucine in the RC of Cﬂ. aurantiacus, whereas His L153, the ligand to BA,
is conserved [14–16]. This suggests that the third BPheo molecule
occupies the BB binding site in Cﬂ. aurantiacus RCs, and themonomeric
BChl BA is located on the A-branch (see, however, Ref. [21]). The BA
molecule has been proposed to mediate electron transfer from P⁎ to
HA with a population of the P+BA− state [26–28]. A Tyr residue at
position M210 in Rba. sphaeroides RCs is replaced by a Leu at the
homologous position M200 (Fig. 1) in Cﬂ. aurantiacus RCs. It has been
suggested that the presence of a non-polar Leu at this position could
explain the slower ~7 ps formation of the P+HA− radical pair in Cﬂ.
aurantiacus [20,27].
The major difference in the protein micro-environment of the
bacteriopheophytin acceptor HA is that the conserved glutamic acid
residue at position L104 in purple bacterial RCs is replaced by a
glutamine at the equivalent position L143 in Cﬂ. aurantiacus RCs
(Fig. 1; [14–16]). The X-ray structures of purple bacterial RCs have
exhibited that Glu L104 is located within hydrogen bond distance
from the 131-keto C=O group of HA [2–6]. The results of a variety of
optical [29,30], vibrational [31–35], and ENDOR [36,37] studies are
also consistent with hydrogen-bonding interactions between the 131-
keto-carbonyl oxygen of HA and HA− and the proton of Glu L104. An
equivalent cofactor–protein interaction is not present on the B-side of
RCs, and the photochemically inactive BPheo HB is free from hydrogen
bonding in purple bacteria ([38] and references therein). Previous
theoretical calculations have predicted a signiﬁcant (0.04–0.05 eV)
stabilization of the P+HA− radical pair state due to the electrostatic
interaction of protonated Glu L104 with HA [39]. The experimental
study of magnetic-ﬁeld dependent recombination dynamics has
shown that the free energy of P+HA− in Cﬂ. aurantiacus RCs is larger
than in Rba. sphaeroides R-26 RCs by 0.04 eV [40]. It has been proposed
that this energetic difference arose largely from the presence of the
different amino acid at position L104, polar Glu in Rba. sphaeroides and
less polar Gln in Cﬂ. aurantiacus [40]. At present, however, little is
known about the properties of the binding sites of BPheomolecules in
Cﬂ. aurantiacus RCs.In order to obtain more information on molecular interactions of
HA and HA− with the surrounding protein in Cﬂ. aurantiacus RCs we
employed in this study a method of light-induced Fourier transform
infrared (FTIR) difference spectroscopy. In the absence of crystallo-
graphic data, FTIR difference spectroscopy provides an attractive
technique to probe structures and bonding interactions of the redox-
active cofactors in photosynthetic RC complexes [32]. Showing
extremely high sensitivity to alterations of the individual chemical
bonds, this type of vibrational spectroscopymakes it possible to reveal
subtle molecular changes associated with charge separation. In
particular, valuable information on hydrogen-bonding interactions
between amino acid residues and functional groups of cofactors in
their neutral and ionic states can be obtained with this approach
[32,35,41,42]. Previous investigations of BPheos in Cﬂ. aurantiacus RCs
by vibrational spectroscopy have been limited mainly by (pre)
resonance Raman spectroscopy; however, deﬁnite conclusions on
binding interactions of BPheos have not been made due to not
selective pigment excitation [24]. To our knowledge FTIR spectrosco-
py has not been applied to examine the vibrational properties of the
BPheo cofactors in Cﬂ. aurantiacus RCs.
We describe light-induced HA−/HA mid-infrared FTIR and visible/
near-infrared electronic difference spectra for the photoreduction of
the bacteriopheophytin electron acceptor HA in thin ﬁlms of isolated
reaction centers of Cﬂ. aurantiacus, in the presence of reductant and
redox mediators. The main features of the FTIR difference spectrum of
Cﬂ. aurantiacus RCs are assigned by comparison with the earlier well
characterized spectra of wild type and mutant RCs of purple bacteria,
using the available primary amino acid sequence of Cﬂ. aurantiacus
RCs and assuming their structural analogy with purple bacteria RCs. A
number of the characteristic bands in the HA−/HA FTIR and electronic
difference spectra for Cﬂ. aurantiacus RC are shifted towards higher
energies compared to those observed for Rba. sphaeroides R-26 RCs,
indicating different interactions between the neutral and anionic
forms of the BPheo acceptor and the protein in the two RCs. The
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Fig. 2. Electronic absorption spectra of Cﬂ. aurantiacus (solid line) and Rba. sphaeroides
R-26 RCs (dashed line) in ﬁlms at room temperature (500–1000 nm) (A) and 95 K
(480–570 nm) (B). Spectra are normalized at the maximum of the long-wavelength
primary electron donor absorption bands at 865 nm (A) and 885 nm (B, not shown),
respectively. Second derivatives of the 95-K absorption spectra of Cﬂ. aurantiacus and
Rba. sphaeroides R-26 RCs, multiplied by a factor of 50, are presented in panel B by solid
and dashed lines, respectively. Room-temperature measurements were performed in
the presence of the reductant (sodium dithionite)/mediators (potassium indigote-
trasulfonate and neutral red) system, the spectrum of which is shown by the dotted line
in panel A. Spectra at 95 K were measured without the reductant and mediators.
Vertical scales in panels A and B apply to the spectra of Cﬂ. aurantiacus RCs.
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interaction between the 131-keto C=O group of HA and Gln L143
and its inﬂuences on the vibrational, optical and redox properties of
HA in Cﬂ. aurantiacus RCs. The presence of different structural
conformations of HA due to differences in hydrogen-bonding in-
teractions of the 133-ester C=Owith Trp L139 and the 131-keto C=O
with Gln L143 in Cﬂ. aurantiacus RCs is also discussed.
2. Materials and methods
Reaction centers of Cﬂ. aurantiacuswere isolated according to Refs.
[13,43] with minor modiﬁcations [44]. Brieﬂy, cells were sonicated in
50 mM Tris–HCl (pH 8.5) buffer and after removal of unbroken cells
and debris the membrane fraction was obtained by centrifugation at
200,000×g for 1 h. Membranes (A865=10/cm) were incubated with
1% lauryldimethylamine N-oxide (LDAO; Fluka) in 50 mM Tris–HCl
(pH 8.5) buffer in the presence of 50 mM NaCl at 37 °C for 1 h
followed by centrifugation at 150,000 ×g for 2 h. RCs were puriﬁed
from the resulting supernatant by repeated anion exchange chroma-
tography on DEAE cellulose (DE52; Whatman) columns; puriﬁed RCs
were solubilized in 50 mM Tris–HCl (pH 8.5)/0.1% LDAO/60 mM NaCl
buffer. RCs of Rba. sphaeroides R-26 were obtained by treatment of
chromatophores with LDAO followed by puriﬁcation with DEAE
cellulose (DE52; Whatman) chromatography essentially as described
in Ref. [13]. The ﬁnal puriﬁcation of the RC protein was achieved by
chromatography on a Fractogel EMD DEAE 650 (S) (Merck) anion
exchange column. Puriﬁed RCs were solubilized in 10 mM Tris–HCl
(pH 8.0)/0.1% LDAO/120 mM NaCl buffer. The detergent LDAO was
exchanged for 0.1% Triton X-100 in the buffer solutions of both RCs by
repeated diluting/concentrating cycles on a 30 kDa cutoff membrane
(Millipore) in a pressure cell under argon gas. The samples were
desalted during this procedure. If necessary, RCs were further
concentrated using Ultrafree-MC centrifugal ﬁlter units (50 kDa cutoff
membranes; Millipore).
For HA− photoaccumulation measurements, 1 μL of a solution
containing 20 mMpotassium indigotetrasulfonate and 20 mMneutral
red in water was deposited on a CaF2 plate (19 mm in diameter) and
dried under a stream of argon gas. The mediators were then re-
dissolved with 10 μL of Rba. sphaeroides R-26 RCs solubilized in
10 mM Tris–HCl (pH 8.0)/0.1% Triton X-100 buffer (A865~13/cm); the
resulting mixture was partially dried under a stream of argon gas and
after adding of 1 μL of freshly prepared 0.5 M sodium dithionite
solution in 1 M Tris–HCl (pH 8.0) buffer, the RC ﬁlm was sealed with
another CaF2 plate. Essentially the same procedure was applied to Cﬂ.
aurantiacus RCs but due to a strong sensitivity of their photochemical
activity to partial dehydration of a sample, 1.5 μL of RCs solubilized in
50 mM Tris–HCl (pH 8.0)/ 0.1% Triton X-100 buffer (A865~94/cm)
were used, and the mixture RCs/reductant/mediators was subjected
to only very gentle drying under argon gas ﬂow in this case.
Light-induced FTIR difference spectra (1800–1200 cm−1) were
measured at room temperature on a Bruker IFS66v/S spectrophotom-
eter equippedwith a DGTS detector and a KBr beam splitter at 4 cm−1
resolution. A sample was protected from an actinic effect of the He–Ne
laser light of the spectrophotometer by a Ge ﬁlter. HA−/HA (light-
minus-dark) difference spectra were obtained as a difference between
the FTIR spectra (64 scans; accumulation time of 40 s) recorded before
andunder continuous illuminationof a sample (1100 nmNλN720 nm;
~1.5 mW/cm2). Cycles of illumination separated by the dark periods of
2–3 min were repeated to increase the signal-to-noise ratio. For both
RCs, the difference spectra obtained on several different ﬁlms were
averaged.
Single-scan electronic absorption spectra in the visible/near-
infrared range (500–1000 nm) at room temperature were recorded
on an Agilent 8530 spectrophotometer. Absorption spectra of RC ﬁlms
with photoaccumulated HA− were registered immediately after 30-s
actinic light illumination (1100 nmNλN720 nm; ~120 mW/cm2).Subtraction from these spectra of the absorption spectra measured
before illumination and after full relaxation of HA− in the dark (3 min)
has given light-induced HA−/HA difference spectra, which we will refer
conditionally to as a “light-minus-dark” spectrum and a “light-minus-
relaxation” spectrum, respectively. The illuminated samples partially
relaxed during the scanning time (several seconds), and the registered
amplitudes of absorbance changes were equal to ca. about 80% of the
maximal amplitude induced by the actinic illumination.
Single-scan electronic absorption spectra (480–1000 nm) at 95 K
were measured using a Shimadzu UVPC-1601PC spectrophotometer
and a liquid nitrogen cryostat (Specac) with a temperature controller.
Sample preparation for measurements was similar to that employed
for FTIR and visible/near-infrared room-temperature measurements
except that the reductant and redox mediators were not added.
3. Results
Fig. 2A shows room-temperature electronic absorption spectra in
the visible/near-infrared range (500–1000 nm) of Cﬂ. aurantiacus
(solid line) and Rba. sphaeroides R-26 RCs (dashed line) in thin ﬁlms
sealed between two CaF2 windows to provide optical cells used in this
work for FTIR measurements. Films also contained reductant (sodium
dithionite) and redox mediators (potassium indigotetrasulfonate and
neutral red) to rapidly re-reduce P+ as a part of the photogenerated
radical pair P+HA− and to accumulate the HA− state under actinic
illumination [13,45]. Note that the absorption of sodium dithionite
and mediators (dotted line in Fig. 2A) does not affect signiﬁcantly the
RC bands in the spectral range investigated. The absorption spectra of
both RCs in ﬁlms are similar to the spectra of the original RC samples
used for preparing ﬁlms (data not shown) and correspond to
absorption spectra described earlier for the two RCs (see, for example
[19,33]). These similarities between the spectra indicate that both RCs
preserved structural integrity in ﬁlms. In the Qy region, absorption
spectra of both RCs display a long-wavelength band at 865 nm that is
attributed to the low-energy exciton transition of the primary
electron donor P. The band at 813 nm in the spectrum of Cﬂ.
aurantiacus RCs is assigned to a single monomeric BChl molecule;
the 803-nm band is attributed to two monomeric BChls of Rba.
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energy exciton transition of P. The composite absorption bands
peaking at 756 and 762 nm are attributable to three BPheo molecules
in Cﬂ. aurantiacus RCs and to two BPheos in Rba. sphaeroides R-26 RCs,
respectively. A small shoulder in the spectrum of Cﬂ. aurantiacus RCs
at ~790 nm has been ascribed mainly to the high-energy exciton
component of P [46,47]. A possibility that the extra BPheo molecule
could absorb in this spectral region has been also discussed [44]. The
Qx absorption bands of BPheos in Cﬂ. aurantiacus RCs are partially
resolved at 95 K (Fig. 2B), showing a maximum at 533 nm and a
shoulder at 539 nm which are more clearly seen in the second
derivative of the absorption spectrum. Similar bands at 533 and
540 nm have previously been observed for Cﬂ. aurantiacus RCs at 4 K
[48] and 20 K [49]. Recently the two Qx peaks of BPheos at 532 and
542 nm have been resolved at 77 K in the absorption spectrum of
isolated RCs of Roseiﬂexus castenholzii, another representative of
ﬁlamentous anoxygenic phototrophic bacteria that shows the pig-
ment and protein composition similar to those in Cﬂ. aurantiacus RCs
[50]. The bands at 531 and 545 nm observed in the 95-K spectrum of
Rba. sphaeroides R-26 (Fig. 2B) are assigned to HB and HA, respectively.
Fig. 3 shows electronic HA−/HA difference absorption spectra
(500–1000 nm) for the photoreduction of the bacteriopheophytin
electron acceptor HA in Cﬂ. aurantiacus and Rba. sphaeroides R-26 RCs
in the presence of reductant and redox mediators. The spectra were
calculated as a difference between the absorption spectra measured
immediately after actinic illumination and those after full relaxation
of the light-induced signal (light-minus-relaxation spectra; see
Materials and methods), thus reﬂecting reversible absorbance
changes. Both spectra closely correspond to the spectra of photo-
accumulation of HA− previously reported for these RCs in the
literature [12,13]. Formation of trapped HA− in ﬁlms of Cﬂ. aurantiacus
RCs (Fig. 3) is evidenced by the observation of characteristic spectral
features, including a selective bleaching of the HA Qy and Qx bands at
753 and 538 nm, respectively, and a development of a broad HA−
radical anion band centered at 656 nm. An electrochromic blue shift
and a decrease in the dipole strength of the accessory BChl band at
813 nm and a dipole strength increase of the transition at ~790 nm
are also seen in the difference spectrum of Cﬂ. aurantiacus. Similar
spectral changes associated with the photoreduction of the active
BPheo in Cﬂ. aurantiacus RCs have also been observed in time-
resolved absorption measurements [22]. In addition, the difference500 600 700 800 900 1000
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Fig. 3. Light-induced (light-minus-relaxation) electronic (500–1000 nm) HA−/HA differ-
ence spectra of Cﬂ. aurantiacus (solid line) and Rba. sphaeroides R-26 RCs (dashed line) in
ﬁlms in the presence of reductant (sodium dithionite) and redox mediators (potassium
indigotetrasulfonate and neutral red). Spectra were obtained at room temperature, using
the ﬁlms the absorption spectra of which are presented in Fig. 2A. Spectra are normalized
at 865 nm; the vertical scale applies to the difference spectrum of Cﬂ. aurantiacus RCs.
Actinic light intensity (1100 nmNλN720 nm) was ~120 mW/cm2.spectrum of Cﬂ. aurantiacus RCs (Fig. 3) displays absorption increases
at 838, 898, and ~942 nm, of which at least two latter bands seem to
belong to the HA− radical anion state. The HA−/HA difference spectrum
of Rba. sphaeroides R-26 RCs (Fig. 3) demonstrates similar absorbance
changes, but the peaks of the Qy and Qx bleachings of HA (762 and
543 nm, respectively), as well as the maxima of the radical-anion
bands of HA− (662, 912, and ~965 nm) are located at longer
wavelengthswith respect to those in Cﬂ. aurantiacus RCs. Absorbance
changes reﬂecting a blue shift and a decrease in the dipole strength of
the accessory BChls absorption band are seen in the spectrum of Rba.
sphaeroides R-26 RCs around 800 nm (Fig. 3).
Note that the light-minus-dark difference spectrum of Cﬂ.
aurantiacus RCs (data not shown) calculated as a difference between
the absorption spectra measured immediately after and before the
actinic illumination (see Materials and methods) was similar to the
light-minus-relaxation spectrum presented in Fig. 3. Both spectra
exhibited the coinciding radical anion bands. However, the light-
minus-dark spectrum included also some additional bleaches, peak-
ing at 760 and 530 nm, respectively. As it follows from their spectral
position, these bleaching bands appear to reﬂect an irreversible
reduction of one or both BPheo molecules in the functionally inactive
B-branch of cofactors. Although the nature of this effect remains to be
investigated, we found that amplitudes of the irreversible bleachings
were dependent on the intensity of actinic illumination, being
strongly diminished when the intensity was decreased (data not
shown). In fact, the photoinduced signal showed nearly complete
relaxation in the dark, and, as a result, the light-minus-dark and light-
minus-relaxation spectra were practically identical in shape at about
~2 mW/cm2 illumination. A much smaller contribution from an
irreversible component was observed for ﬁlms of Rba. sphaeroides
R-26 RCs.
Fig. 4 compares the light-induced HA−/HA FTIR difference spectra of
Cﬂ. aurantiacus and Rba. sphaeroides R-26 RCs in the mid-IR frequency
region (1800–1200 cm−1) measured at room temperature and
normalized at 1745–1744 cm−1. The negative and positive bands in
these spectra reﬂect a disappearance of the neutral state HA and an
appearance of the anion state HA−, respectively, including also signals1800 1700 1600 1500 1400 1300 1200
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Fig. 5. (A) The enlarged C=O stretching region of the normalized HA−/HA FTIR
difference spectra of Cﬂ. aurantiacus (solid line) and Rba. sphaeroides R-26 RCs (dashed
line). The spectra were taken from Fig. 4 and were overlaid one on another so that to
coincide at 1800 cm−1. (B) Double difference spectrum between the two spectra in
panel A (Rba. sphaeroides-minus-Cﬂ. aurantiacus).
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response to its photoreduction. These averaged light-minus-dark FTIR
spectra were obtained under the experimental conditions comparable
to those described for single-scan light-minus-relaxation electronic
HA−/HA difference spectra (Fig. 3), but the actinic light intensity was
strongly reduced (from ~120 to ~1.5 mW/cm2) tominimize a possible
contribution to IR signals from an irreversible BPheo bleaching (see
above).
The HA−/HA FTIR difference spectrum of Rba. sphaeroides R-26 RCs
(Fig. 4A) is similar to that previously obtained by Nabedryk et al. [33],
with only small shifts in frequency (≤1–3 cm−1) of the main bands
due probably to the difference in the temperature of the samples
(about 20 °C in our work vs. 10 °C in Ref. [33]). There is also a good
agreement with the room-temperature spectrum measured in Ref.
[45]. Nabedryk et al. [33] have proposed assignments of the main
bands in the HA−/HA FTIR difference spectra of Rba. sphaeroides RCs by
comparison with a redox-induced BPheo a¯/BPheo a FTIR difference
spectrum in tetrahydrofuran (THF) solution and by analysis of the
1H–2H isotope effect on the HA−/HA spectrum. The large negative band
at 1674 cm−1 with a shoulder at ~1685 cm−1 (Fig. 4A; 1677 and
1688 cm−1, respectively, in Ref. [33]) was assigned to the 131-keto
C=O stretching mode of neutral HA that shifts to lower frequencies
upon HA− formation. Resonance Raman spectra of HA in Rba.
sphaeroides RCs have also shown the presence of the 131-keto C=O
mode in this frequency region, although there is a slight difference
between the data reported: Lutz and co-workers have found the
frequency of this mode at 1678 cm−1 [31,32], while it has been
observed at 1682–1685 cm−1 by Bocian and co-workers [34,38]. In
Ref. [33], a considerable downshift of the 131-keto C=O mode of HA
with respect to the frequency of this mode in the BPheo a−/BPheo a
spectrum in non-hydrogen-bonding THF (1702 cm−1) was attributed
to a strong perturbation of the keto carbonyl of HA due to its hydrogen
bonding to Glu L104. On the basis of resonance Raman studies of Rba.
capsulatus RCs, Bocian and co-authors [34,38] have shown that the
lower frequency of the 131-keto C=O vibrational mode of HA relative
to that of HB is in part due to differences in dielectric properties of the
environments around these BPheos. The prominent positive peak at
1588 cm−1 in the HA−/HA spectrum (Fig. 4A) (1591 cm−1 in Ref. [33]),
which appears to be the most indicative IR signature of the reduced
BPheo acceptor, was assigned for a large part to the stretchingmode of
the strongly perturbed 131-keto C=O in the HA− anion state. The
negative bands at 1745 and 1732 cm−1 are attributable to the free
and bonded 133-ester C=O group of HA, respectively, with a possible
weak contribution of the COOH side chain of Glu L104 to the 1745–
1735 cm− 1 spectral range. The positive band at 1707 cm− 1
(1709 cm−1 in Ref. [33]) was assigned to the downshifted ester
C=O mode(s) in the HA− state. The more detailed assignments of the
bands in the 1750–1700 cm−1 spectral range have been done in Refs.
[35] and [51] and these will be considered further in the Discussion. A
possible assignment of the negative band at 1656 cm−1 is the amide I
(C=O stretching) vibrations of the protein backbone around HA
perturbed upon HA− formation. Small positive (+) and negative (−)
bands at 1465 cm−1 (+), 1396 cm−1 (−), 1371 cm−1 (+), and
1346 cm−1 (+) can be assigned to the chlorin ring skeletal vibrations
of the bacteriopheophytin acceptor in the neutral and anionic states
[33].
The HA−/HA FTIR difference spectrum of Cﬂ. aurantiacus RCs
(Fig. 4B) shows both similarities and explicit differences with respect
to the spectrum of Rba. sphaeroides R-26 RCs (Fig. 4A). The notable
feature is that the negative band at 1675 cm−1, assignable to the 131-
keto C=O stretching mode of neutral HA, localizes in the spectrum of
Cﬂ. aurantiacus at almost the same frequency as in Rba. sphaeroides,
showing only a very minor (~1 cm−1) shift to higher energies. Also a
shoulder is present on the high-frequency side of this band at
~1683 cm−1 in the spectrum of Cﬂ. aurantiacus RCs with relative
amplitude only slightly larger than that of the similar ~1685-cm−1shoulder observed for Rba. sphaeroides R-26 RCs. However, the strong
positive band, attributable to the 131-keto C=O stretching mode of
HA−, is seen for Cﬂ. aurantiacus RCs at 1623 cm−1, i.e., it is signiﬁcantly
shifted to higher frequencies as compared to the 1588-cm−1 band
that is characteristic of Rba. sphaeroides R-26 RCs. Another prominent
difference between the two spectra is observed in the 1750–
1700 cm−1 carbonyl region where the negative band at 1732 cm−1
in Rba. sphaeroides R-26 is replaced by an asymmetric, slightly
intensiﬁed negative band at 1722 cm−1 in Cﬂ. aurantiacus. Probably, a
small additional negative signal at ~1730 cm−1 contributes to the
dominant 1722-cm−1 band in Cﬂ. aurantiacus. The negative bands at
1745–1744 cm−1 and the positive peaks at 1707 cm−1 are similar for
the two RCs. The negative amide I feature at 1656 cm−1 is also well
expressed in the spectrum of Cﬂ. aurantiacus RCs. In the region of
chlorin ring skeletal vibrations, the positive band at 1465 cm−1 in
Rba. sphaeroides is upshifted to 1475 cm−1 in Cﬂ. aurantiacus.
The similarities and differences between the two HA−/HA FTIR
spectra in the C=O stretching vibrations region are more clearly seen
in Fig. 5A, in which the normalized spectra of Cﬂ. aurantiacus and Rba.
sphaeroides R-26 RCs from Fig. 4 are overlaid one on another. The
double difference spectrum (Rba. sphaeroides-minus-Cﬂ. aurantiacus)
is also shown in Fig. 5B. It is observed (Fig. 5A) that the negative bands
at 1745–1744 cm−1 are similar to each other in shape, and
normalization at these frequencies leads to almost precise coincidence
of the peaks at 1675–1674 cm−1. The normalized spectra exhibit also
close peak amplitudes of the bands at 1588 and 1623 cm−1. In the
double difference spectrum (Fig. 5B), the 1733(−)/1722(+)cm−1
differential signal originates from a shift of the negative band at
1732 cm−1 in the HA−/HA spectrum of Rba. sphaeroides R-26 RCs to
1722 cm−1 in Cﬂ. aurantiacus RCs. The large differential signal at 1623
(−)/1588(+)cm−1 corresponds to the 35-cm−1 upshift of the 131-
keto C=O band of the HA− anion in Cﬂ. aurantiacus RCs compared to
that in Rba. sphaeroides R-26 RCs. Along with a small positive band at
1683 cm−1, the double difference spectrum reveals also a small
positive peak at 1696 cm−1, showing the presence of an additional
low-intensity shoulder in the HA−/HA spectrum of Cﬂ. aurantiacus RCs.
A negative feature at ~1660 cm−1 is likely to reﬂect some differences
in the IR protein signal between the two RCs. A slight frequency shift of
the negative peak at 1674 cm−1 in Rba. sphaeroides R-26 RCs to
1675 cm−1 in Cﬂ. aurantiacus RCs does not show up as a distinct
differential signal in the double difference spectrum.
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Previously the close similarity has been shown between the light-
induced HA−/HA FTIR difference spectra of Rba. sphaeroides and Blc.
viridis RCs [33]. Similar FTIR difference spectra were obtained also
upon photoreduction of the intermediary pheophytin a (Pheo)
electron acceptor in higher plants' Photosystem II (PSII) RCs [52]
and in the PSII–PsbA3 complex of the cyanobacterium Thermosyne-
chococcus (T.) elongatus [53]. The HA−/HA FTIR spectrum of Cﬂ.
aurantiacus RCs (Fig. 4B) basically resembles that of Rba. sphaeroides
R-26 RCs (Fig. 4A) and corresponds to main IR signals accompanying
formation of the radical anion of BPheo a in vitro [33]. However, the
mid-IR and visible/near-IR spectral transitions reﬂecting the photo-
reduction of HA in Cﬂ. aurantiacus, as represented by the peaks at
1623(+)cm−1 (Fig. 4B) and 538(−), 656(+), 898(+) and ~942(+)
nm (Fig. 3), respectively, are shifted towards higher energies
compared to those in Rba. sphaeroides (Figs. 4A and 3). These
observations suggest that bonding interactions of the BPheo electron
acceptor differ for the two RCs in both the neutral and anionic states
of this cofactor. At the same time, the characteristic IR band of the
131-keto C=O group of HA− observed in the HA−/HA FTIR spectrum of
Cﬂ. aurantiacus RCs at 1623 cm−1 is similar to the FTIR band of HA−
earlier found at 1627 cm−1 for RCs of the EQ(L104) mutant of Blc.
viridis [35]. This latter band was upshifted in the spectrum of mutant
RCs by 25–32 cm−1 with respect to the 131-keto C=Omode of HA− in
wild-type RCs of Blc. viridis [35]. Recently similar features have also
been reported for the light-induced FTIR difference spectra associ-
ated with the photoreduction of the Pheo electron acceptor (PheoD1)
in PSII core complexes of T. elongatus and PSII membranes of spinach
[53]. In particular, the 131-keto C=O band of PheoD1− in the PheoD1− /
PheoD1 FTIR spectrum of the PSII–PsbA1 core complex of T. elongatus
was upshifted by 18–19 cm−1 compared to its position in the spectra
of the PSII–PsbA3 complex of T. elongatus and spinach PSII
membranes. Importantly, both EQ(L104) mutant RCs of Blc. viridis
and the PSII–PsbA1 complex of T. elongatus contain Gln at positions
L104 and D1–130, respectively, whereas wild-type RCs of Blc. viridis,
the PSII–PsbA3 complex of T. elongatus and spinach PSII membranes
have the Glu residues at these positions, which are hydrogen bonded
to the 131-keto carbonyl groups of HA and PheoD1. As Cﬂ. aurantiacus
also contains a glutamine residue at the homologous position L143
(Fig. 1; [14–16]), below we use these facts as the basis to discuss the
main features in the HA−/HA FTIR and electronic difference spectra of
Cﬂ. aurantiacus RCs.
Previously it has been shown that electrochemical reduction of
BPheo a in the non-hydrogen-bonding THF resulted in the 44-cm−1
downshift of the 131-keto C=O stretching mode of the pigment
molecule (from 1702 to 1658 cm−1) [33]. This frequency decrease
can be attributed to a reduction of the bond order and a lengthening of
the 131-keto C=O bond in the free radical anion state BPheo− due to
occupation by the excess electron of the molecular orbital that is
antibonding between the 131 carbon atom and the oxygen [54].
Fig. 4A and the results of previous measurements [33] indicate that
the signiﬁcantly larger 86 cm−1 downshift (from 1674 to 1588 cm−1)
is observed for the photoreduction of HA in Rba. sphaeroides RCs. A
greater reduction-induced downshift of the 131-keto C=O frequency
of PheoD1− with respect to free Pheo− in THF has also been reported for
PSII particles [53]. According to density functional theory calculations
performed for free and hydrogen-bonded Pheo models [53,54], this
effect in PSII reﬂects the hydrogen-bonding interaction between the
131-keto carbonyl oxygen of PheoD1 and the proton of a residue at
D1–130 (Glu or Gln) and can originate from a strengthening of this
hydrogen bond in the radical anion form of PheoD1 compared to its
neutral state. Stronger hydrogen bonding is expected in this case since
the larger 131-keto C=O bond length and the negative partial charge
on the carbonyl oxygen of the anion make it a better hydrogen bond
acceptor. In view of the aforementioned similarities between the HA−/HA and PheoD1− /PheoD1 FTIR difference spectra of the two types of
photosynthetic organisms, the same explanation is probably applica-
ble to purple bacterial RCs as well. In this scheme, a frequency
downshift of 52 cm−1 (from 1675 to 1623 cm−1) seen in the HA−/HA
FTIR spectrum of Cﬂ. aurantiacus RCs (Fig. 4B) may indicate that the
hydrogen-bonding interaction of the 131-keto C=O group in the
anionic state HA−with Gln L143 is substantially weaker than that with
Glu L104 in Rba. sphaeroides RCs. This is apparently the main reason
for the large 35-cm−1 difference in frequency of the 131-keto C=O
stretching mode of HA− observed between the two RCs (Fig. 4).
In studies of Rba. capsulatusmutants [29], a weakening or removal
of the hydrogen bond between HA and a residue at position L104 has
been shown to cause a blue shift of the visible-region radical anion
absorption band of HA− from 665 nm in wild-type RCs to 655 or
640 nm in EQ(L104) or EL(L104) mutant RCs in which a Gln or a Leu
replaced Glu at L104, respectively. Similarly, a blue shift of the radical
anion band of HA− (from 665 to 635 nm) was observed for the EV
(L104) mutant RCs of Rba. sphaeroides containing a non-hydrogen-
bonding valine at L104 [30]. Fig. 3 shows that themaximumof a broad
visible-region absorption band of HA− in the HA−/HA electronic
difference spectrum of Cﬂ. aurantiacus RCs (656 nm) is clearly shifted
to shorter wavelengths with respect to its position in Rba. sphaeroides
R-26 RCs (662 nm). The blue shifts are even better expressed for the
near-infrared absorption bands of HA− (898 nm vs. 912 nm and
~942 nm vs. ~965 nm; Fig. 3). Thus, these optical shifts are in line
with the difference in the 131-keto C=O vibrational frequency of HA−
between the two RCs (Fig. 4), also suggesting a weaker hydrogen-
bonding interaction of the radical anion HA− with the protein in Cﬂ.
aurantiacus than in Rba. sphaeroides R-26 (see also Ref. [38]).
The bleaching at 538 nm in the HA−/HA electronic difference
spectrum (Fig. 3) together with the presence of the shoulder at about
539 nm in the 95-K absorption spectrum (Fig. 2B) indicate that the
BPheo molecules in Cﬂ. aurantiacus RCs are spectrally not equivalent:
the Qx ground-state absorption band of HA (538–539 nm) is red-
shifted by ~5 nm compared to those of HB and ΦB which strongly
overlap in the region of 533 nm (Fig. 2B; [48,49]). A similar but larger
red shift of the Qx absorption band of HA with respect to that of HB,
observed for wild-type purple bacterial RCs (14 nm for Rba.
sphaeroides R-26 RCs in Fig. 2B), has been attributed mainly, though
not solely, to the effect of hydrogen bonding between the 131-keto
C=O group of HA and Glu L104 [29,38]. Upon removal of this
hydrogen bond in EL(L104) mutant RCs of Rba. capsulatus and in EV
(L104) RCs of Rba. sphaeroides, the Qx band of HA is blue-shifted by
~12 nm, largely eliminating the spectral distinctions between HA and
HB in wild-type RCs [29,30]. As it has been noted earlier [38], the
spectral position of the Qx absorption band of HA in Cﬂ. aurantiacus
RCs is comparable to that in the EQ(L104) mutant RCs of Rba.
capsulatus (540 nm [29]), and both bands are blue-shifted only by a
fraction of the magnitude observed for EL(L104) mutant RCs of Rba.
capsulatus. These data allow one to suggest that the 131-keto carbonyl
of neutral HA may be hydrogen bonded to Gln L143 in Cﬂ. aurantiacus,
but this hydrogen bond is weaker than that to Glu L104 in purple
bacterial RCs [29,38].
Thus, it is likely that the active-branch BPheo in Cﬂ. aurantiacus RCs
is hydrogen bonded to Gln L143 in both the neutral and radical anion
states; however, in both states these interactions are not as strong as
those to Glu L104 in Rba. sphaeroides R-26 RCs. It is worth noting that
Gln is expected to be potentially a weaker hydrogen bond donor in
comparison with Glu due to a difference in dipole moments between
NH and OH groups [55]. In this context, a notable feature is that the
negative bands centered at 1675–1674 cm−1 (with a shoulder at
1685–1683 cm−1), attributable to the 131-keto C=O stretching
mode of neutral HA, are similar one to another in shape and amplitude
in the normalized HA−/HA FTIR difference spectra of Cﬂ. aurantiacus
and Rba. sphaeroides R-26 RCs (Fig. 5). More speciﬁcally, the peak of
this band in Cﬂ. aurantiacus is upshifted only by ~1 cm−1 as compared
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practically indiscernible in the double difference spectrum (Rba.
sphaeroides-minus-Cﬂ. aurantiacus) (Fig. 5). However, a more pro-
nounced frequency increase would be expected as a result of the
proposed weakening of the hydrogen bond to neutral HA in Cﬂ.
aurantiacus. These observations suggest that, in addition to hydrogen
bonding, other environmental factors inﬂuence the frequency of the
131-keto C=O mode of neutral HA in bacterial RCs. A probable
candidate for this seems to be a dielectric effect of the microenviron-
ments near the RC BPheos. Indeed, Bocian and co-authors [34,38] have
shown that only ~40% of the difference between the 131-keto C=O
vibrational frequencies of HA and HB in wild-type RCs of Rba.
capsulatus originated from hydrogen-bonding effects, while ~60%
could result from a difference in dielectric properties of the
environments around the cofactors. This ﬁnding is consistent with
the optical Stark-effect data indicating that HA in Rba. sphaeroides RCs
is located in a region of a larger effective dielectric constant than HB is
[56]. A marked dependence of the stretching frequency of the 131-
keto carbonyl of BPheo a on solvent dielectric properties in vitro has
also been reported, with the lowest values being observed in the
solvents with the highest dielectric constant [57]. On the basis of these
facts, one can suggest that the expected upshift of the 131-keto C=O
stretching mode of neutral HA in Cﬂ. aurantiacus, caused by a
weakening of the hydrogen-bonding interaction, might be (acciden-
tally) compensated by a frequency downshift due to a stronger local
dielectric environment effect in these RCs. Although no experimental
data on dielectric properties of Cﬂ. aurantiacus RCs are available to
date, all other things being equal, Gln L143 is expected to provide a
higher local dielectric environment of HA than Glu L104 in Rba.
sphaeroides R-26 RCs, because a side-chain permanent dipole of Gln is
about three times greater than that of Glu [58]. Comparing our data
with published ones, we notice that replacing D1-Glu130 with Gln in
PSII particles has been shown to result in only a minor (1–3 cm−1)
frequency increase of the 131-keto C=O stretching mode of neutral
PheoD1, whereas a signiﬁcant upshift of 18–19 cm−1 was detected in
the PheoD1− anion [53]. This effect has been reproduced by density
functional theory calculations for the Pheo models with acetamide
and acetic acid used to mimic hydrogen-bonding interactions of
PheoD1 with Gln and Glu side chains, respectively [53]. The
considerable more comparable values for the frequency upshifts of
the 131-keto C=O stretching mode in the neutral and anionic states
of HA have been obtained upon replacement of Glu L104 by a Gln in EQ
(L104) mutant RCs of Blc. viridis (19 vs. 25–32 cm−1) [35]. However,
even in this case the frequency of the 131-keto C=O mode of HA was
lower by ~10 cm−1 than that of BPheo in non-hydrogen-bonding,
low-dielectric THF, suggesting a more polar environment of the
pigment in vivo than in solution. It is of interest, a relatively small
differential signal at 1695(+)/1676(−)cm−1 due to a frequency
upshift in the neutral state of HA was observed only in theWT-minus-
mutant double-difference spectrum, but the negative band at
1676 cm−1 was not clearly visible in the individual HA−/HA FTIR
spectrum of wild-type RCs of Blc. viridis [35].
In the high frequency carbonyl range of 1750–1700 cm−1, the HA−/
HA FTIR difference spectrum of Rba. sphaeroides R-26 RCs shows
negative bands at 1745 and 1732 cm−1 (Fig. 4; [33]), which have
previously been assigned to the 133-ester C=O group of two
conformationally distinct populations of HA [33,35,51]. Such a
conformational heterogeneity appears to be related to differences in
the hydrogen-bonding interactions between the ring V carbonyls of
HA and the RC protein [35,51]. In particular, in one population
absorbing at 1745 cm−1, the 133-ester C=O group has been shown
to be free from hydrogen-bond, while in another one, absorbing at
1732 cm−1, the hydrogen bonds between the 133-ester C=O and Trp
L100 and between the 131-keto C=O and Glu L104 were established
[35]. The presence of RC populations having different environmental
effects on the 133-ester C=O mode(s) of at least one of the twoBPheos has also been reported for Rba. capsulatus on the basis of
resonance Raman studies [59].
The prominent difference between the HA−/HA FTIR difference
spectra of Cﬂ. aurantiacus and Rba. sphaeroides R-26 RCs is a
pronounced downshift of the negative band at 1732 cm−1 in Rba.
sphaeroides to 1722 cm−1 in Cﬂ. aurantiacus (Fig. 4). However, the
negative band at 1744 cm−1 in the spectrum of Cﬂ. aurantiacus well
corresponds to the 1745-cm−1 band of Rba. sphaeroides R-26 in both
shape and relative amplitude (Figs. 4 and 5). Previously very similar
features have been observed between the HA−/HA FTIR difference
spectra of the EQ(L104) mutant RCs of Blc. viridis and wild type Blc.
viridis RCs [33,35]. Upon replacing the Glu L104 residue by a
glutamine in the EQ(L104) mutant, the FTIR band at 1732 cm−1
downshifted to 1725 cm−1, while the 1747 cm−1 band was unaf-
fected by the mutation [35]. The band at 1725 cm−1 was attributed to
the discrete conformation of the 133-ester C=O group in the third
population of HA, having a hydrogen bond at least to Trp L100.
Additionally, very small negative shoulders at 1722 and 1732 cm−1
were also present in the HA−/HA FTIR spectra of wild type and EQ
(L104) mutant of Blc. viridis, respectively, suggesting that all three
conformations of the 133-ester C=O group existed in wild type and
that an equilibrium between them was altered by mutation of Glu
L104 [35]. Although a shoulder at 1722 cm−1 is not seen in the
spectrum of Rba. sphaeroides R-26 RCs (Fig. 4; [33]), a small negative
signal at ~1730 cm−1 seems to make some contribution to the high-
frequency edge of the 1722 cm−1 band in the spectrum of Cﬂ.
aurantiacus RCs (Fig. 4). Based on these observations it is reasonable
to suggest that details of the conformation of HA in Cﬂ. aurantiacus RCs
are comparable to those observed in EQ(L104) mutant RCs of Blc.
viridis, containing at least two distinct states with different hydrogen-
bonding interactions between the 133-ester C=O and 131-keto C=O
groups and their nearby amino acid residues. This is consistent with
the presence of Trp L139 and Gln L143 in the amino acid sequence of
Cﬂ. aurantiacus RCs at the positions homologous to those of Trp L100
and Glu L104 in wild-type purple bacteria RCs (Fig. 1; [14–16]). The
133-ester C=O group of HA in Cﬂ. aurantiacus hydrogen bonded with
Trp L139 appears to contribute to the 1722 cm−1 band, while the free
ester group absorbs at 1744 cm−1 (Fig. 4). This interpretation
assumes that hydrogen-bonding interactions of Trp L139 and Gln
L143 to ring V carbonyls of HA in Cﬂ. aurantiacus RCs are similar to
those observed for Trp L100 and Gln L104 in the EQ(L104) mutant
RCs, and that the replacement of Glu L104 by Gln L143 is primarily
responsible for the differences between the HA−/HA spectra of Cﬂ.
aurantiacus and Rba. sphaeroides R-26 RCs in the of 1750–1700-cm−1
frequency region.
5. Concluding remarks
The results presented show that vibrational properties of the ring
V carbonyls of the bacteriopheophytin electron acceptor HA in Cﬂ.
aurantiacus RCs are substantially determined by the presence of the
amino acid residues Gln L143 and Trp L139, which are proposed to be
involved in hydrogen-bonding interactions with the 131-keto C=O
and 133-ester C=O groups of HA, respectively. The increased
frequency of the 131-keto C=O stretching mode of HA− together
with blue shifts in the optical absorption bands of HA and HA− in Cﬂ.
aurantiacus RCs suggest that the hydrogen bond of the active BPheo
with Gln L143 in these RCs should be weaker than that with Glu L104
in Rba. sphaeroides R-26 RCs. This effect is expected to alter the redox
potential of HA, making it harder to reduce in Cﬂ. aurantiacus than in
Rba. sphaeroides R-26. In this connection, it is interesting to note that a
decrease of the P/P+ midpoint potential in Cﬂ. aurantiacus RCs
compared to Rba. sphaeroides R-26 RCs (by ~110 mV [13]) should
result in a uniform decrease in the free energy of all the charge-
separated states in Cﬂ. aurantiacus RCs, including P+HA−. However, a
relative lowering of the reduction potential of HA in Cﬂ. aurantiacus
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carbonyl would increase the free energy level of P+HA− in a
compensatory manner. By applying density functional theory analysis
to the Pheo models, Shibuya et al. [53] have estimated that Pheo
hydrogen bonded with acetamide had a redox potential value lower
by about 80 mV than that with acetic acid. Although no data on a
redox potential of HA in Cﬂ. aurantiacus are available, the fact that the
free energy of P+HA− is slightly larger in Cﬂ. aurantiacus than in Rba.
sphaeroides RCs [40] is consistent with this consideration.
The existence of distinct conformations of HA due to differences in
hydrogen-bonding interactions between the carbonyls of ring V of HA
and the RC protein, earlier reported for purple bacterial RCs [35,51], is
apparently a characteristic feature of Cﬂ. aurantiacus RCs as well. The
possible implications of the conformational heterogeneity (and a
heterogeneity in the electronic structure) of HA for primary charge
separation in purple bacterial RCs have been discussed [35,37,51]. In
particular, the different conformations were assumed to be related to
the heterogeneity of the kinetics of electron-transfer reactions in
which HA is involved. It is interesting that the non-exponential decay
of P⁎ [20,28] and the inhomogeneity in the free energy of P+HA− ([40]
and references therein) have previously been reported for Cﬂ.
aurantiacus RCs. It is possible that these kinetic and energetic
inhomogeneities might be linked with the conformational heteroge-
neity of ring V of HA observed for Cﬂ. aurantiacus RCs in this work.
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